Introduction
With its enormous surface area (∼400 m 2 in humans), the intestine constitutes the most prominent boundary between the body and the environment. The intestinal wall serves, on the one hand, as a barrier between exterior and interior milieus. On the other hand, it ensures resorption and directed transport of nutrients from the outside, the lumen, into the organism. Both elementary functions are mainly fulfilled by the epithelium of the intestinal mucosa that completely lines this hollow organ. The majority of the epithelial cell monolayer is made of enterocytes with a predominantly resorptive function. However, numerous cells of the immune system constantly reside and move within the epithelium and the underlying tissue layer, 1 the so-called lamina propria, to prevent invasive or toxic pathogens and other alien substances from entering the organism. Furthermore, organized lymphoid tissue is found near all mucosae; in the case of the small intestine, in the Peyer's patches. Here, specialized epithelial cells, named M cells, take up antigens from the lumen. 2 Contact of immune cells, such as lymphocytes, and antigen presenting cells with relevant antigens below the M cells and possibly also below enterocytes of intestinal villi can then trigger a specific immune response. 3, 4 In order to gain insight into the dynamics of this highly complex system, an in vivo timelapse and three-dimensional imaging modality with subcellular resolution is needed that allows for reliable and nondamaging discrimination of the various cell types.
Two-photon excited fluorescence microscopy meets these requirements. It was established as a valuable tool in biology and life sciences soon after its first demonstration by Denk et al. in 1990. 5 In this technique, fluorescent molecules are excited via simultaneous absorption of two near-infrared photons that can deeply penetrate into the tissue. The high spatial and temporal photon density needed for this nonlinear process is achieved using tightly focused femtosecond laser pulses. The excitation laser beam is scanned over the sample, and the fluorescent light is collected at each scanning position with a photomultiplier tube. For spectral imaging, the fluorescent light is split by a grating, a prism, or dichroic mirrors into different wavelength channels that are detected by a line detector or separate photomultiplier tubes. The total detected time-averaged fluorescence intensity F(t) of each pixel depends on time-averaged laser power P(t) and laser pulse duration τ at the sample and is directly proportional to the two-photon absorption cross sections σ 2P , the concentration C, and the fluorescence quantum yield η of the fluorophores as well as to the detection quantum efficiency φ of the system. For a single chromophore, this is 6
where λ is the excitation wavelength. The product of the chromophore's fluorescence quantum yield η and its two-photon absorption cross section σ 2P is called two-photon action cross section σ 2P and is experimentally more accessible than the pure two-photon absorption cross section. From repeated scans of a stack of images of adjacent focal planes, time-lapse volume images can be generated. Compared to confocal laser scanning microscopy, which can also generate time-lapse and three-dimensional data with high resolution, two-photon microscopy has two main advantages. First, because infrared photons are used to excite the fluorophores, penetration depths of more than >100 μm can be reached even in strongly scattering tissues. 7 In conventional fluorescence microscopy, the chromophores are mostly excited using UV/blue wavelengths that are strongly scattered in biological tissue, which limits the optical penetration depth to a few tens of micrometers. Second, the nonlinear absorption process leads to an intrinsic depth selection, because only in the focal region is the photon flux density high enough to excite fluorescence. Hence, no additional pinhole is needed in the detection path of the microscope and, most notably, photodamage and photobleaching are confined to the focal region as well. Minimization of photodamage is essential, especially for long-time in vivo studies of dynamic processes in which the biological system should be perturbed as little as possible.
In recent years, cell dynamics in a variety of complex living tissues have been studied using two-photon microscopy with exogenous markers and/or fluorescent proteins. These include skin, 8 kidney, 9 and lymphatic tissue. 10 Konjufca and Miller have reviewed the potential of two-photon microscopy as a tool to study the dynamics of host-pathogen interactions in vivo. 11 In the intestine, two-photon microscopy with a molecular marker has been used to study the epithelial barrier function in vivo, 12 to shed light on the role of dendritic cell extension into the lumen for pathogen sampling and uptake, 13 and to demonstrate goblet cell imaging as a marker for intestinal metaplasia of the stomach. 14 Autofluorescence from many endogenous chromophores can be excited by a two-photon process within the tuning range of a Ti:sapphire laser. 15 Additionally, the collagen framework of the extracellular matrix yields a second-harmonic generation (SHG) signal of the focused femtosecond laser pulse at half the wavelength. 16, 17 It has been demonstrated that, based on autofluorescence contrast, microscopic imaging of highly dymnamic tissues is possible in vivo. 18 This opens the possibility to use molecular markers for specific questions that are not related to general tissue morphology. Even more importantly, experimental complexity is reduced and the use of intrinsic fluorescence is expected to be less invasive to the organism than the use of molecular markers, which are usually phototoxic. 19 Furthermore, because there are only a few FDA-approved fluorescence contrast agents, the use of autofluorescence is most promising for any future clinical application.
Spectral information about cellular autofluorescence complements the morphological aspect of two-photon microscopy and can be used to delineate different structures in images of thick tissues with a submicron resolution without additional staining 20 or give a metabolic picture of the sample. 21, 22 Ti:sapphire femtosecond lasers allow the excitation wavelength to be tuned in the range of 700-1000 nm and thus enable one to use differences in the excitation spectra for discrimination of fluorescent components. Furthermore, the fluorescence emission can be spectrally analyzed. By combining excitation and emission spectroscopy, two-dimensional spectral fingerprints of tissues and cells can be acquired. 23, 24 In vivo autofluorescence excitation-emission fingerprinting with a limited number of spectral channels has been demonstrated for the relatively static and easily accessible tissue of skin, 23 while cellular dynamics has been studied, autofluorescence based, only without the additional benefit of spectral information. 18 It is still a challenge to apply spectrally resolved two-photon autofluorescence imaging to dynamic structures, such as moving immune cells in the intestine under normal physiological conditions, because endogenous chromophores have a low two-photon absorption cross section, 15, 25 resulting in a low signal. Furthermore, the maximum applicable excitation power that would improve imaging speed and image quality is limited by photodamage.
In this work, we show that two-photon excited autofluorescence allows imaging of the intestine in vivo with good contrast and subcellular resolution. In vivo excitation and emission measurements of two-photon excited cellular autofluorescence spectra are presented for cells and cell organelles in murine small intestine and are linked to spectra of endogenous chromophores. The possibility of generating multiparameter spectral fingerprints of different cell types is demonstrated. We show that selective fluorescence excitation with two separate wavelengths is beneficial for discrimination of epithelial enterocytes and antigen presenting cells. This information lays the basis for future automated identication of cells in images of this highly dynamic tissue or as a tool for targeted manipulation of single cells based on their spectral autofluorescence characteristics. Time-lapse imaging over up to 8 h while maintaining physiological conditions in healthy intestinal tissue is demonstrated. Photodamage reveals itself in a drastic increase of the emission intensity and a change of spectral characteristics, which may be used for online dosimetry of safe imaging.
Materials and Methods 2.1 Mouse Model
In vivo experiments were carried out using female anaesthetized balb/c mice. First, a tracheostomy was performed, and the mouse was connected to a ventilator (Hugo Sachs Elektronik -Harvard Apparatus GmbH, March-Hugstetten, Germany) [ Fig. 1(a) ]. Then, the abdominal cavity was opened and a loop of the small intestine was surgically prepared in situ [ Fig. 1(b) ]. The loop was fixed using Vetbond glue (3M, St. Paul, Minnesota) onto a heated block with an electronic temperature control and opened lengthwise in order to access the mucosa. The tissue was flushed with 37 • C ringer solution several times to remove intestinal contents. During imaging, the mucosa was slightly pressed against a fixed microscope coverslip [Figs. 1(b) and 1(c)]. This procedure minimized movement artifacts due to peristalsis. The mouse holder was tempered to 37 • C, and the subject's vital parameters were monitored with a pulse oximeter at the tail vein (MouseOx, Starr Life Sciences, Oakmont, Pennsylvania) [ Fig. 1(a) ]. To prevent heat drain through the microscope objective, it was equipped with objective heating [ Fig. 1(a) ].
Spectral Imaging by Two-Photon Excited Autofluorescence
Autofluorescence imaging was done with a modified JenLab DermaInspect two-photon microscope (JenLab GmbH, Jena, Germany). Figure 2 (a) shows schematics of the setup. The fluorescence excitation source was a femtosecond Ti:sapphire laser tunable between 710 and 920 nm, with a pulse repetition rate of 80 MHz (MaiTai, Newport Spectra-Physics, Irvine, California). A Zeiss 40x/1.2 w C-Apochromat objective was used to focus the excitation light onto the sample and collect the fluorescence light (Carl Zeiss Jena GmbH, Jena, Germany). The field of view of 150 × 150 μm 2 was sampled with 512 × 512 pixels. For spectral imaging, we inserted a four-channel spectral detector into the fluorescence path consisting of four photomultiplier tubes (Hamamatsu R1294A and R1295A, Hamamatsu Photonics Deutschland GmbH, Herrsching am Ammersee, Germany) and a set of dichroic filters. The dichroic filters were chosen to provide a good separation between known fluorescence emission spectra of endogenous fluorophores. Of particular interest is a separation of the reduced forms of nicotinamide adenine dinucleotides [NAD(P)H] from other chromophores. NAD(P)H is crucial for cell metabolism and is found in high concentrations at the mitochondria. 26 Enterocytes are metabolically very active and thus contain a large number of mitochondria for the synthesis of adenosine tri-phosphate. In order to spectrally characterize the four detection channels, transmission measurements of all optical elements except for the objective were performed. Transmission data of the manufacturer were used for the microscope objective. Figure 2 From the intensity images recorded in the four spectral channels, false-color images were produced. The colors were chosen as follows: blue for channel 1, λ ≈ 380-450 nm; green for channel 2, λ ≈ 450-500 nm; red for channel 3, λ ≈ 500-580 nm; and pink for channel 4, λ ≈ 580-680 nm ( Fig. 3) .
To obtain excitation spectra, subsequent images of the same structure were recorded while the two-photon excitation wavelength was varied between 730 and 910 nm. For each excitation wavelength, the average laser power at the sample was adjusted such that autofluorescence signal of all relevant biological structures was above the noise level, while staying below the threshold for photodamage. Acquisition times of 7.4 or 13.4 s were required to record single images.
Image Analysis
In order to spectrally distinguish different cells and cell organelles, we were interested in the material-specific fluorescence intensity characteristics as a function of excitation and emission wavelength. As is evident from Eq. (1), for an excitation wavelength λ ex , the total recorded fluorescence intensity of a single chromophore is directly proportional to the product of two-photon action cross section σ 2P (λ ex ) and the concentration C of the chromophore in the sample. This product is specific for each sample. All other factors in the equation are inherent to the imaging system and apply equally to all samples.
In cells, a mixture of different chromophores is expected to contribute to the fluorescence intensity in each pixel. Following Eq. (1), the sum of these contributions can be described as
Laser excitation power and pulse duration vary with excitation wavelength. In order to calculate the cell-specific or cell organelle-specific fluorescence intensity as a function of excitation wavelength, we thus needed to correct the measured fluorescence intensity for the mean power P at the sample and the laser pulse duration τ and excitation wavelength λ ex
The laser pulse duration was measured by means of an autocorrelator (PulseCheck, APE GmbH, Berlin, Germany) at a location where the pulses were transmitted through the microscope but had not yet entered the objective. The pulse duration was obtained by fitting the autocorrelation function to a sech 2 -function. For wavelengths of >880 nm, the laser intensity was too small for measuring the laser pulse duration. Therefore, only data up to this wavelength were used for evaluation of the fluorescence emission spectra. Measurement of the emission spectra of the laser confirmed that the pulses were Fourier-transform limited. To account for pulse broadening in the two-photon microscope, we determined the group delay dispersion of the DermaInspect and the objective, separately, and calculated the pulse length after transmission through the entire microscope.
The mean laser power at the sample was measured after each experiment using an integrating sphere (model no. 69, Delta Developments, Liss, Hants, United Kingdom). Because direct measurements with the water immersion objective were not possible, we measured the power entering the back entrance pupil of the objective. This was achieved by using an aperture stop of the same size as the back aperture of the objective and measuring the power behind this aperture. Data were then corrected for the objective's transmittance as provided by the manufacturer.
For generating excitation and emission spectra of specific cells and cellular structures, regions of interest (ROIs) were defined in the images. The ROIs were selected manually according to tissue morphology and delineated using the imageanalysis software 29 ImageJ. ROIs were the apical cytoplasm of enterocytes (ECs), bright punctuate regions, presumably lysosomes, within the apical cytoplasm of enterocytes, and antigenpresenting cells (APCs) that contained many bright granules in the lamina propria of villi and Peyer's patches. For each excitation wavelength, 4-20 ROIs of the same type were evaluated in an image and the average intensity value and standard error of the mean of these ROIs were calculated for each emission channel. A channel-specific mean background value as recorded in a dark measurement without laser irradiation was subtracted from this value. Subsequently, data were corrected for the experimental parameters according to Eq. (3).
The corrected average fluorescence intensity F corr as a function of excitation wavelength was analyzed in order to characterize enterocytes and antigen-presenting cells within the lamina propria of Peyer's patches and villi by their spectral excitationemission fingerprints. The specific excitation spectrum of the respective cell type or tissue structure was calculated for each ROI type by integrating the mean fluorescence intensity over all four emission channels for each excitation wavelength λ ex . Excitation-emission spectra were produced by plotting F corr
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Results and Discussion 3.1 Spectrally Resolved Images of Cell Motility in the Small Intestine Based on Intrinsic Contrast
Using spectrally resolved two-photon excited autofluorescence microscopy, we imaged and identified different cell types of the small intestinal mucosa in vivo. Figure 3 shows an autofluorescence image of an optical cross section through an intestinal villus 25 μm below the tissue surface taken with a 750-nm excitation wavelength. The villus is lined by columnar, prismatic epithelial cells that exhibit a strong fluorescence signal from the cytosol and mitochondria (blue-green in the false-color image), while the cell nuclei appear dark. The epithelium is clearly delineated from the underlying lamina propria, a loose connective tissue that contains various cell types of different morphology, such as antigen-presenting cells, lymphocytes, and fibroblasts (see also Figs. 4-6). Antigen-presenting cells contain many lysosomes, which appear as bright reddish or white granules in the false-color image. Capillaries of the blood vascular system can also be identified. Erythrocytes emit a weak autofluorescence signal and, because they are moving fast during image acquisition, appear as faint lines parallel to the scanning direction of the laser beam in the fluorescence image (see Fig. 4 and Video 1). Observation of these movement traces during the experiments served as additional and instantaneous indication that physiological conditions were maintained, because movement traces are not visible when blood circulation of the tissue is compromised. By recording stacks of optical sections at different depth, we can resolve the three-dimensional morphology of small intestinal mucosa in vivo. Fig. 4 (Video 1) shows an image stack of a volume 150 × 150 μm 2 covering a 33-μm depth starting in the lumen just above the tip of an intestinal villus. At a 1.6-μm depth, the epithelium appears as a mosaic of bright areas with dark borders [ Fig. 4(a) ]. In contrast to the bright cytosol of enterocytes, the outline of the cells appears dark. Dark areas in the mosaic were identified as mucus-containing goblet cells. The mucus itself does not fluoresce, but cytosol and mitochondria below the mucus granules do show fluorescence [ Fig. 4(e) ]. In some enterocytes, bright reddish granules appear in the apical cytoplasm [ Fig. 4(f) ]. These granules are most likely lysosomes, which are known to be located predominantly in the apical cytoplasm of enterocytes. Cell nuclei of enterocytes start to appear at ∼4 μm depth and extend up to 16 μm depth [ Fig. 4(b) ]. The nuclei appear dark in the autofluorescence image because they contain only low concentrations of NADH. 30 At ∼14 μm depth, dark cells are found between the enterocytes [Figs. 4(b), 4(g), and 4(h)]. These are intraepithelial lymphocytes in which the nonfluorescent cell nucleus makes up most of the cell volume. These lymphocytes reside only in the basal part of the epithelium, right above the basement membrane. The basement membrane itself is located at ∼17.5 μm depth in this image stack and is not visible in the autofluorescence image. Below the basement membrane, capillaries, fibroblasts, and antigen-presenting cells can be seen in the lamina propria of the villus [Figs. 4(i)-4(l), respectively]. Antige-presenting cells contain many reddish lysosomes [Figs. 4(c), 4(d), 4(k), and 9(l)]. From a 26-μm depth on, a dark area devoid of cells appears in the middle of the lamina propria (Video 1). This is most likely a lymph vessel.
Another dimension of information about the biological system is added, when the same field of view is imaged repeatedly over time. Fig. 5 (Video 2) shows a cross section of an intestinal villus similar to Fig. 3 . The field of view was recorded repeatedly every 40 s over a time period of 13 min. The time-lapse video reveals that the living intestinal mucosa is a highly dynamic system. Cells in the lamina propria of a villus move, interact, and change shape. Intraepithelial lymphocytes in the basal part of the epithelium are also constantly in motion. A detailed analysis of these cellular dynamics will be published elsewhere. Figure 6 shows a series of false-color, two-photon excited autofluorescence images of an intestinal villus taken at different excitation wavelengths. The cytoplasm of enterocytes fluoresces merely at shorter excitation wavelengths. At >800 nm, within enterocytes only the fluorescence of the bright granular cell organelles in the apical part of the cells is excited. The spectral emission of antigen-presenting cells and enterocytes show significant differences for excitation at shorter wavelengths: enterocytes appear blue-greenish with a dark nucleus whereas antigen-presenting cells are filled with reddish bright granules. In contrast, antigen-presenting cells in the lamina propria yield a strong signal up to the longest available excitation wavelengths. As the excitation wavelength becomes longer, the entire images appear more reddish. This is due to the fact that only fluorophores with lower excitation energies and, thus, a redder emission spectrum can be excited. Figure 7 shows an equivalent excitation wavelength series for the lamina propria of a Peyer's patch at the same magnification. There are more and finer bright granules within the cells compared to the villus lamina propria. Furthermore for λ ex ≥ 790 nm blue SHG signal is emitted from the collagen cross links of the extracellular matrix. The epithelium lies ∼12 μm above the focal plane and is not visible in this image series.
Autofluorescence Spectra of Cells and Cell Constituents in the Small Intestine
Distinct cellular structures and cell populations can be associated with the two main functions of the small intestinal mucosa (i.e., digestion and barrier). To identify the relevant cells, we were interested in the autofluorescence spectra of the following tissue components: enterocytes and lysosomes within enterocytes as representatives for resorption, and antigen-presenting cells in two different functional areas, the villi and Peyer's patches, as representatives for pathogen sampling and uptake. Antigen presenting cells in the lamina propria of villi and the gut-associated organized lymphoid tissue, the Peyer's patches, have different functions and consist of different cell populations. Gastrointestinal macrophages are present mostly in the subepithelial lamina propria of villus in the small intestine 31 and believed to be crucial for tissue homeostasis. It has been proposed that antigens, resulting from digestion in the lumen and transepithelially transported or degraded intracellularly in enterocyte lysosomes could associate with MHC II and be presented to lymphocytes to suppress the systemic immune response to luminal antigens, such as digested food products. [32] [33] [34] In the subepithelial dome area of organized mucosal lymphoid tissue, the Autofluorescence images of the lamina propria in a Peyer's patch taken at different two-photon excitation wavelengths. Images are false-color overlays of four-channel intensity images as described in Fig. 3 . The morphology and inner structure of cells differs markedly from the villus lamina propria ( Fig. 6 ). At excitation wavelengths ≥790 nm, (SHG) light is generated at the collagen framework of the extracellular matrix that is detected in the <450-nm emission channel and thus appears blue in the false-color images. In the lower left image, selected regions of interest are exemplarily marked in in a region corresponding to the box in the image at 730 nm.
Peyer's patches, the dominant antigen-presenting cells are dendritic cells, 35 which are desigend to process antigens and initiate specific immune response. In the follicle-associated epithelium, specialized epithelial M cells deliver samples of foreign material through active transpeithelial vesicular transport from the lumen directly to intraepithelial lymphoid cells. 36 Thus, it is conceivable that these different cell populations from diverse functional areas might contain different mixtures or concentrations of fluorescent molecules and thus show different spectra. Figure 8 (a) shows autofluorescence excitation spectra for the cytoplasm of enterocytes, antigen-presenting cells, and lysosomes within enterocytes. We observed variations in absolute fluorescence intensity for the same cell type between different λ stacks recorded in different experiments. These variations were caused by variations in tissue thickness, amount of mucus, remnants of luminal content, etc. Therefore, the excitation spectra in Fig. 8 were normalized to the intensity value at 730 nm to be able to compare data from different λ stacks. The fluorescence intensity in all enterocyte excitation spectra decreases by two orders of magnitude but maintained the same slope when increasing the excitation wavelength up to ∼820 nm. For even longer wavelengths, the mean count rate of the autofluorescence signal from enterocytes lies within the standard deviation of the dark count rate. In contrast, antigen-presenting cells in villi and Peyer's patches show a weak decrease in fluorescence intensity with increasing wavelength. The signal drops at most about one order of magnitude and is well above noise level, even for the longest available excitation wavelengths. This corresponds to the good visibility of antigen-presenting cells over the whole wavelength range, as seen in Fig. 6 . The variation among the signals of antigen-presenting cells is stronger than for enterocytes, which may be explained by the broad variety of cell shapes and inner structure (granulation). As cells move and change shape, the cell content within the ROIs may slightly vary from frame to frame during wavelength tuning, which may affect the extracted mean intensity values. However, cell parts entering and leaving the image plane should balance, on average, because a coordinated directed movement of antigen-presenting cells is not expected.
The bright punctuate cell organelles in the apical cytoplasm of enterocytes show a similar excitation spectrum to that of antigen-presenting cells [orange circles in Fig. 8(a) ], which contain a large and dense amount of brightly fluorescent cell organelles. Several facts suggest that the bright punctuate organelles that are located within the apical cytoplasm of enterocytes and within antigen-presenting cells are most likely lysosomes. First, due to their function, antigen-presenting cells contain many lysosomes. Second, lysosomes are abundant in all cells that have a mainly resorptive function as have enterocytes. Third, from electron micrographic slides it is known that lysosomes in enterocytes are located preferably in the apical cytoplasm. This interpretation has been confirmed in an experiment using LysoTracker Red (Invitrogen). The red fluorescent dye stained the bright cell organelles in the apical cytoplasm of enterocytes within minutes when applied directly onto the intestinal mucosa. Figure 9 shows excitation spectra obtained as above but now broken down into the spectral contributions from each emission channel. All spectra are taken from the same animal and were not normalized to be able to compare absolute intensity differences between different fluorescent structures. The emission spectra exhibit marked differences between the different tissue constituents. The cytoplasm of enterocytes in an intestinal villus [ Fig. (9(c) ] yields a significant signal only in the first three channels (i.e., the fluorescence emission spectrum lies below 580 nm). The emission >580 nm in the fourth channel is almost at background level. Therefore, the value is almost zero for 760 and 880 nm excitation and thus out of scale in Fig. 9(a) . The signals in the first two channels (<500 nm) are about equal for an excitation wavelength up to 780 nm and brighter than the signal in the third channel (500-580 nm). The decrease of fluorescence intensity with increasing excitation wavelength is more pronounced for channels 1 and 2 than for channel 3. In all channels, excitation with wavelengths of >800 nm does not yield significant fluorescence emission from cytosol in enterocytes (see also Fig. 6 ).
The spectral autofluorescence emission of lysosomes in enterocytes of an intestinal villus is shown in Fig. 9(b) . Fluorescence intensity is generally brighter, but the main difference as compared to the cytoplasm is a significant signal in the red emission channel that was negligible for the cytoplasm. Furthermore, the signal in the second channel (450-500 nm) is stronger than the short-wavelength contribution (<450 nm) detected in the first channel, and the fluorescence intensity decrease with increasing excitation wavelength is more pronounced for the first than for the second channel.
Antigen-presenting cells of the lamina propria of both villi [ Fig. 9(c) ] and Peyer's patches [ Fig. 9(d) ] show a strong emission of about equal intensity for all excitation wavelengths in the green and yellow channel. In contrast to enterocytes' cytoplasm and lysosomes, this signal is stronger than the fluorescence signal in the first channel for all excitation wavelengths. In the first channel, the signal decreases with increasing wavelength as for cytoplasm of enterocytes. Most likely, the cytoplasm of antigenpresenting cells has a composition similar to enterocytes' cytoplasm, which results in a component of similar autofluorescence spectrum. In addition, fluorescence emission in the red channel (>580 nm) is about a factor 10 stronger for antigen-presenting cells than for enterocytes at all excitation wavelengths. Compared to lysosomes, the signal in the red channel is stronger for antigen-presenting cells at short excitation wavelengths and decreases more rapidly with increasing excitation wavelength. Overall, the absolute intensities are distributed more equally between all four emisison channels (i.e., the emission spectrum of antigen-presenting cells is broader and shifted to the red as compared to cytoplasm and lysosomes of enterocytes).
The acquisition and comparison of complete excitationemission spectra is very time consuming and not suited for a real-time discrimination of cells and cell organelles based on their autofluorescence spectra. However, ratiometric comparison of autofluorescence emission in the four emission channels or at two fixed excitation wavelengths could be used instead. Therefore, in Fig. 10 and Table 1 the spectral fluorescence emission of the different cells and cell organelles as shown in Fig. 9 is compared at 730 and 820 nm excitation.
In Table 1 , we chose channel 2 as ratiometric reference channel following an approach taken by Huang et al. 25 They showed that, using 750 and 800 nm two-photon excitation and fluorescence emission channels of 410-490 and 510-650 nm, ratiometric imaging of NAD(P)H and flavoprotein in cardiomyocytes reflected the redox state of the cell. They also found that fluorescence excitation at 800 nm compensated for the large differences in the concentrations and two-photon absorption cross sections of NAD(P)H and flavin adenine dinucleotide (FAD) at the mitochondria and gave an almost balanced picture of the redox ratio. In our setup, NAD(P)H fluorescence is detected mainly in channel 2 (450-500 nm), while flavins fluoresce predominantly in channel 3 (500-580 nm). Consequently, the ratio of fluorescence intensities ch2/ch3 excited at 820 nm should best reflect the NAD(P)H/FAD ratio. At a 730-nm excitation, all four selected tissue components are visible and all of them peak at 450-500 nm emission. However, for the cytoplasm and lysosomes within enterocytes, the short-wavelength contribution from 380-450 nm is about as strong as the emission between 450 and 500 nm. This is reflected in a ratio close to 1 for ch2/ch1 in Table 1 (a). The redshifted spectral emission of lysosomes as compared to the cytosol is represented by a lower ch2/ch3 ratio of lysosomes. The high ch2/ch4 ratio for cytoplasm of enterocytes has a large error and has to be disregarded In addition, the sum intensity of all channels is shown (black dots). As in Fig. 8 , intensity values are normalized to P 2 /(λτ pulse ) in order to correct for measured differences in experimental parameters. All spectra are taken from the same animal in order to compare absolute differences in fluorescence intensity without normalization at 730-nm excitation. Error bars represent the standard error of the mean.
due to the marginal fluorescence intensity in channel 4. The ch2/ch3 ratios at 730-and 820-nm excitation show differences between enterocytes, lysosomes, and antigen-presenting cells. At 820 nm, this ratio is approximately the same for lysosomes and antigen-presenting cells, but lower for enterocytes. This difference must not necessarily be related to differences in the redox state of the cell populations but may originate from our ROI selection. While in enterocytes we selected regions in the apical cytoplasm containing a high amount of mitochondria, the ROIs in antigen-presenting cells comprise only a minor fraction of mitochondria and cytosol, but a large amount of the bright granules which we identified as lysosomes. Thus, although the ratio of emission intensities in ch2/ch3 discriminates between enterocytes and antigen-presenting cells, it does not necessarily tell about differences in the respective metabolic states. The ROIs selected for antigen-presenting cells in villi and Peyer's patches contain similar structures. Nevertheless, even though the cell populations and their tasks differ, the ch2/ch3 ratio does not show differences between these cell types within the error margins. If differences in the NAD(P)H/FAD ratio are present, they may not be observable because of the high lysosomal portion in the cells compared to the mitochondrial portion. The ch2/ch1 ratio is slightly larger for antigen-presenting cells in the lamina propria of villi than for antigen-presenting cells in the Peyer's patches. This indicates that antigen-presenting cells in villi contain fluorophores that emit in the short-wavelength range of ch1 in lower concentration or with lower two-photon absorption cross section than those in Peyer's patches. Table 1(c) indicates that antigen-presenting cells in Peyer's patches and villi can be even better distinguished when looking not only at a single Fig. 10 Emission spectra of epithelial cells (ECs), lysosomes and APCs at 730-and 820-nm excitation.
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Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 26 Jan 2020 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use Table 1 Ratiometric comparison of autofluorescence emission for cytoplasm of enterocytes (ECs), lysosomes and antigen presenting cells (APCs) in an intestinal villus and antigen presenting cells in a Peyer's patch. Ratios of the normalized intensity values in the four spectral emission channels (ch1-ch 4) were calculated for the data of Fig. 7 . excitation wavelength at 730 or 820 nm. The short-wavelength emission intensity at 730-nm compared to 820-nm excitation is twice as bright for macrophages in the lamina proria of the villi than for dendritic cells in the subepithelial dome area of Peyer's patches [ch1(730 nm)/ch1(820 nm)]. Likewise, the higher ratios of ch3(730 nm)/ch3(820 nm) and ch4(730 nm)/ch4(820 nm) for antigen-presenting cells in a villus points to a redshifted emission spectrum at 730-nm excitation as compared to lysosomes. This points to an additional autofluorescence component with larger Stokes shift in antigen-presenting cells.
(a) Ratio of fluorescence emission intensities at 730-nm excitation

Correlation of Spectral Cell Signatures to Endogenous Fluorochromes
In order to identify the fluorochromes contributing to the autofluorescence signal, the spatial distribution of the fluorescence and the recorded excitation-emission spectra are compared to the known morphology of the cells and literature data of endogeneous fluorescent chromophores contained in the studied tissue components [ Figs. 2 and 8(b) ]. The comparison indicates that autofluorescence in enterocytes arises mainly from NAD(P)H, which is abundant in high concentrations at the mitochondria and in lower concentrations in the cytosol. The regions of interest in the apical part of enterocytes comprise the cytosol and everything that is located within this selected part of the cell, for example mitochondria. In the normalized excitation spectra of the tissue components, the wavelength dependence of the two-photon action cross sections of the fluorescent chromophores is reflected in the slope of the spectra. The steep decrease of spectral amplitude with increasing wavelength observed for cytosol of enterocytes corresponds well with the literature data for NADH [solid line in Fig. 8(b) ]. The value for the action cross section of NADH drops by one and a half orders of magnitude between 730 and 800 nm, and so does the normalized fluorescence intensity value that was measured for the apical cytoplasm of enterocytes. Figure 2(b) shows that the spectral emission of NAD(P)H is maximal around 470 nm and, thus, predominantly is detected in channels 2 and 1 with a small contribution in channel 3. This corresponds well to the spectral emission pattern measured for the cytoplasm of enterocytes. Though riboflavin or retinol have similar spectral characteristics, their low concentration in these cells and the distribution pattern of the fluorescence, which matches the distribution of the mitochondria, lead to the conclusion that NADH contributes mostly the the fluorescence of the enterocytes. In lysosomes of enterocytes and in antigen-presenting cells that contain lysosomes, the fluorescence signal seems to have a high contribution from flavins and lipopigments. Lysosomal membranes contain FAD, 37 which emits around 550 nm [flavins, Fig. 2(b) ] and can be efficiently excited over the whole tuning range of the laser [ Fig. 8(b) ]. The good visibility of the lysosomal signal over all excitation wavelengths [Figs. 6 and 8(a)] and the generally much higher fluorescence intensity of lysosomes and antigen-presenting cells compared to other tissue structures corresponds well with the high two-photon action cross section of FAD [ Fig. 8(b) ]. Another possible fluorescence source within lysosomes are lipopigments that accumulate within lysosomes as a result of degradation of lipids. The emission spectrum of lipopigments is very broad, with a maximum ∼550 nm [ Fig. 2(b) ]. The lipopigment lipofuscin is found in granules of 1-5 μm size within the cytoplasm of metabolically active cells, such as the retinal pigment epithelium 38 and has been described also in enterocytes. 39 Lipofuscin has a high two-photon action cross section, 15 and its excitation maximum covers the broad range from 700 to 850 nm, which corresponds well to the excitation spectra of lysosomes measured in the present study ( Figs. 9 and 10 ). The strong contribution of fluorescence emission from lysosomes in channel 3, where the FAD and lipopigment signal are measured, further corroborates the link of lysosomal autofluorescence to these chromophores. In addition, the bright punctuate regions in the apical cytoplasm of enterocytes in fixed sections of rat intestinal villi have been associated with storage of indoleamines, a group of neurotransmitters based on three-photon excited UV-emission of <400 nm. 15 We are unable to confirm this interpretation because our setup cannot detect fluorescence of <400 nm. However, it seems likely that lysosomes contain a mixture of the above-mentioned chromopores, including indoleamines.
Rapid Fluorescence Increase and Photodamage
Besides identifying tissue constituents, the spectral information allows one to also monitor changes of cell state induced by the laser irradiation. When the exposure due to scanning irradiation is too high, after a certain irradiance time, suddenly, a bright fluo-rescence associated with cell damage appears (Fig. 11) . The fluorescence intensity increases to a level 10 and 40 times higher than the lysosome or cytosol fluorescence, respectively. Typically, the increase in fluorescence intensity, which we name hyperfluorescence, is first noted in channel 4, where the normal autofluorescence signal is very weak. Although hyperfluorescence during two-photon excited fluorescence microscopy has been observed previously, 40 the underlying damage mechanism remains unclear, and the hyperfluorescent substances have not yet been identified. We measured the characteristic spectral properties of the hyperfluorescence to provide additional information that may shed some light on this issue [ Fig. 11(b) ]. The fluorescence excitation spectrum exhibits a weak, monotonous decay with increasing wavelength. The emission spectrum shows, for all excitation wavelengths, a maximum in the green channel (450-500 nm) and is quite strong also in the blue channel (400-450 nm). The contribution in the red emission channel (600-680 nm) is weaker than in the other channels but is much stronger for hyperfluorescent regions than for cells that are not yet photodamaged. The wavelength dependence of the total hyperfluorescence intensity (sum of all channels) resembles that of antigen presenting cells. However, the spectral emission of hyperfluorescence peaks at shorter wavlengths (channels 1 and 2) while it is maximal in channels 2 and 3 for antigen-presenting cells. This difference indicates a different chemical composition of the relevant fluorophores. Chemical changes of cellular substances may be induced directly by two-or three-photon processes 41 but also indirectly via free-electron generation that results in chemical bond breaking. 42 The sudden onset of hyperfluorescence is indicative for a "runaway process" governing the generation of the fluorescent substances once a threshold is overcome. In our experiments, hyperfluorescence commenced at roughly two times the average excitation power that was normally used for imaging at 730 nm (20 mW instead of 12 mW, data not shown). The fact that hyperfluorescence starts only after a certain irradiance time suggests that dose-dependent photochemical processes are involved. These processes may form new highly fluorescing absorbers. If the newly formed absorbers contribute themselves to the photochemical process then a hyperfluorescence "runaway" starts once a certain threshold concentration is exceeded. This mechanism would explain the observed sudden buildup and rapid enlargement of the hyperfluorescent areas.
Conclusions
We demonstrated spectrally resolved time-lapse two-photon imaging of cellular dynamics in murine small intestine in three dimensions over up to 8 h. We showed that imaging based solely on autofluorescence provides good intrinsic contrast between different cell types, cell organelles, and other tissue components of the intestine. We investigated the autofluorescence intensity spectra of different cell types and cell organelles and found marked differences between enterocytes, antigenpresenting cells, and lysosomes. As concluded by the excitation spectra, autofluorescence of all named tissue components is excited simultaneously at a 730-nm excitation wavelength, while an excitation wavelength of >820 nm is best suited to selectively excite antigen-presenting cells and lysosomes within enterocytes and to induce SHG at the collagen scaffold of the extracellular matrix. We related the spectral signatures of cell types and cell organelles to the spectra of endogenous fluorophores and concluded that autofluorescence in the cytoplasm of enterocytes is mainly due to NAD(P)H. We identified the bright punctuate cell organelles in the apical cytoplasm of enterocytes and within antigen-presenting cells as lysosomes that contain FAD and lipopigments.
Strong and long-lasting irradiation of the mucosal tissue induced hyperfluorescence associated with cell damage. The excitation-emission spectra of the hyperfluorescence indicate that it arises from a chemical substance with either the high concentration or high two-photon absorption cross section that was absent before laser irradiation. The sudden onset of hyperfluorescence suggests that the chemical composition of the tissue is modified locally in a nonlinear process when both a certain irradiation dose and a certain irradiance threshold are exceeded. In our experiments, this occured when the power exceeded a value roughly two times higher than the average excitation power that was normally used for autofluorescence imaging at 730 nm.
In the future, automated segmentation based on autofluorescence fingerprints may be implemented to follow individual cells over long time periods. This feature would facilitate investigations of cell-cell interaction occuring during immunologic processes at this important mucosal interface. In order to selectively follow antigen-presenting cells, the use of two different laser wavelengths, for example, 730 and 820 nm, is best suited to discriminate antigen-presenting cells and surrounding tissue. However, because the cells are rapidly moving and acquisition of one image takes ∼10 s, a sequential imaging with two different excitation wavelengths is not fast enough to capture the same tissue state. Therefore, interlaced excitation with two different wavelengths is desirable in order to be able to superimpose the images. With such a setup, a ratiometric comparison of fluorescence intensities in the different emission channels could be used for an online discrimination of different cells or cell organelles. Moreover, in order to tackle immunological questions, further discrimination of cellular subtypes of antigen-presenting cells, such as dendritic cells, B, and T lymphocytes is needed that may require the combination of exogenous markers with the autofluorescence-based spectral fingerprinting explored in this study.
